 Acid mine drainage;  Alkali amendments;  CKD;  FA;  Environment;  Kettara; S Nfissi snfissi@gmail.com +(212) 06 10 34 56 20 Generally, the best solution to an AMD problem is to prevent acid generation; using an oxygen and/or water infiltration barrier [19, 6] . An alternative approach is to add sufficient alkaline material to neutralize the acidity and immobilize the metals [20, 21] . A lot of products have been used as an amendment like: (1) fly ash produced by power plants [22] [23] [24] [25] [26] [27] [28] [29] [30] 16] , (2) cement kiln dust (CKD) produced in Portland cement manufacturing [30] [31] [32] 16] , (3) red mud produced by the aluminum industry [27] , (4) paper pulp [33] . Other projects aims to valorize mine tailings (ex. Jerada region) [34] . The rehabilitation scenario, being investigated at the Kettara mine involves using fine alkaline phosphate waste exploitation of Moroccan phosphates (APW) as both an amendment [17] and a 'store and release' (SR) cover [35] . The present study report the results of laboratory column leaching tests thus assessing the amendment aspect of the cement kiln dust and fly ash. We aim at first the AMD prevention and valorization of these two products considered as industrial waste. The pilot site, located north of Marrakech, is in the core of the central Jebilet Mountains (Figure 1 ). The Jebilet massif is one of the largest Palaeozoic massifs of the Hercynian fold belt of Morocco [36] . The interest of using CKD and FA to control AMD generation is threefold: i) remove the storage areas around the production plants and reduce the risk of environmental contamination through leaching of metals ii) neutralize the acidic mine tailings and make use of the high neutralization potential of CKD and FA [37, 16, 30] , iii) stabilize heavy metals by using CKD that releases by dissolution high concentrations of potassium, sulfate and leads causing precipitation of secondary minerals "reservoirs" such as ettringite, CSH and gypsum [38] [39] [40] 30] . The Fly ash has hydraulic or pozzolanic properties that increase the effect of binder. iiii) increase the effect of binder by using Fly ash who has hydraulic or pozzolanic properties appropriate [41] .
Materials

2.1.Tk : Tailings Kettara
The Kettara mine site is located approximately 32 Km northwest of Marrakech (31° 52'15 "N 8° 10'31" W) [44] , on the edge of the road N°9 leading to the coastal town of Safi (Figure 2a ). The mine is currently one of several abandoned mine sites in Morocco producing AMD, that contaminates soils [45] , and surface water and groundwater [46, 47] (Figure 2c ). More than 3 million tons of mine wastes deposited on the surface of the Kettara site without any concern for environmental consequences have generated significant AMD for more than 30 years. Tailings were stockpiled in a main pond, but also in a dyke, and in smaller piles over an area of approximately 16 ha. The abandoned Kettara Mine generates acidic leachates with a pH between 2.9 and 1.5 [46, 48] . The acidification potential (AP) of that is between 51 and 453 Kg CaCO 3 /t while the net of neutralization potential (NNP) ranges from -453 to -22.5 Kg CaCO 3 /t [46] . The permeability test of samples has provided permeability between 4.9 10 -2 cm/s and 1.1 10 -1 cm/s, so these tailing are classified into the range of perfectly permeable materials [30] . [42] in [43] ).
Effluent water samples elevated concentrations of Pb, As, Co, Zn, Cu and Cr. The Iron, which could be associated with pyrrhotite and pyrite, is present in these solid tailings with relatively large amounts [46, 48] . These High concentrations of some toxic metals contaminate soil, aquatic ecosystems, wildlife as well as human health [48] . This mine site remains hazardous. It generates a large AMD in the tailings park [46, 48] and therefore requires control.Tailings samples from the Kettara mine (TK) are corresponding for unweathered coarse tailings. They were collected at a depth of 1 m from an exploratory trench which was excavated in the 15 m high dyke. Sampling location is indicated on Figure 3 . 
Alkaline material: CKD and FA
At first, a physicochemical and mineralogical study of fly ash and cement kiln dust was carried out [30] to evaluate the potential neutralization of these acid generators residues and define the most appropriate scenarios for the control of the AMD phenomenon in Kettara site. Cement Kiln Dust (CKD) and Fly Ash (FA) are industrials by-products produced in Morocco with large quantities; they can be an alternative to mitigate the AMD generated in the Kettara mine. The CKD is dust fine-grained highly alkaline derived from cement kiln exhaust gas by air pollution control devices. The CKD sample is taken from Lafarge Cement Plant, Bouskoura near the city of Casablanca (Figure 2a, 2b) . It is a powder composed mainly of micrometer-sized particles that accumulated on the electrostatics filters of the rotary kilns during production of cement clinker [40] . Calcite is the majority mineral which composes CKD, followed by lime and anhydrite [30] . About the FA, it is a fine grey powder consisting mostly of spherical glassy particles that are produced as a byproduct in coal fired power stations. The FA used in this study is derived from the JorfLasfar Energy Company (JLEC) near the town of El Jadida (Figure 2a ). About 400 000 Mt of FA are produced annually [49] (Figure 2d ). Those resulting from the combustion of bituminous coal are characterized by low CaO content. These alkaline materials are highly impermeable; they generate the formation of a barrier layer which will limit the infiltration of acid waters [50] . The study from Nfissi and al. [30] showed a high net neutralization potential of these materials that are in the range of 900.63 kg CaCO 3 /t for the CKD and 243.75 kg CaCO 3 /t for the FA. Recent studies have shown that CKD could be consolidated and stabilized when used in mixture with amount of fly ash and/or other various materials [51] . Experimental work in the field [52] and/or laboratory [53] showed that the effectiveness of CKD increases in combination with other cementitious materials such as fly ash, which have pozzolanic or hydraulic properties that enhance effect of binder [41] . Thus CKD and FA are suitable materials and their mixture can be used as a cover layer and/or amendment. The focus of this paper is to understand the effect of industrial by-products composed of cement kiln dust (CKD) and fly ash (FA) to mitigate the impact of the AMD in the Kettara site (Central Jebilets, Morocco). To reach this objective, a quantitative and qualitative study should perform in order to identify the most suitable protocol to stabilize the mine tailing of Kettara.
Methods (Column leaching tests)
Preliminary column tests were performed to evaluate the effect of alkaline materials on the tailings in small scale before starting testing on a larger scale on columns of standard size [54] . The leachate tests were carried using 14 cm in height and 5 cm diameter in small columns ( Figure 4 ). They will identify the proportions of the amendments that lead to efficient neutralization of mine tailings of Kettara. The seven columns of kinetic tests consist of 2/3 of tailings (200g) mixed with 1/3 (100g) of amendment (CKD and/or FA). The proportions of CKD and FA vary from one test to another (Figure 4) . The results from the humidity cell tests, of a previous study Hakkou et al. [55] , were teken as reference of the geochemical behavior of tailings without an amendment. These results are considered as proof to track the evolution of leachate quality after amendment. Figure 3 shows that the column 1 was first filled by Kettara tailings (TK) mixed with the CKD alone. Column 2 consisted of the Kettara mine tailings mixed with amendment composed of 90% of CKD and 10% of FA. Column 3 contained Kettara mine tailings mixed with 80% of CKD and 20% of FA. Concerning column 4, 70% of CKD and 30% of FA were added to Kettara tailings. In Column 5, 60% of CKD and 40% of FA were mixed up with the Kettara mine tailings. For Column 6, the proportion of the amendments was 50% of CKD and 50% of FA. Finally, column 7 was similar to column 1; the only difference being the addition of FA to Kettara mine tailings instead of CKD. Each column was flushed with approximately 100 ml of distilled water on the day 7, 10, and 15 and then all columns were left until the day 536 to evaluate the long term effect. The columns bottoms were equipped with a geotextile and water outlet to collect leachate. The water percolation time in each column was measured using a stopwatch. The effluent obtained from the columns tests were filtered through a 0.45 µm nylon filter and were split into two subsamples. The first was acidified with HNO 3 (to avoid metal precipitation) for metals analysis and was refrigerated at 4°C. The second (un-acidified) was used for the analyses of total alkalinity and total acidity. The leachates were analyzed by ICP-AES (Perkin-Elmer Optima DV 7000 ICP-OES, relative precision of 5%) for major elements, minor elements and specific metals. Water pH and conductivity measurements, by using a pHmeter type (pH/Ion 510, Bench pH meter) and by a conductivity meter type (con510, Bench conductivity), were performed on freshly collected leachate samples. The alkalinity of untreated and treated AMD (expressed in mgCaCO 3 /L) was obtained by titration of non-filtered sample with sulfuric acid 0.02N (precision of 1 mg CaCO 3 /L), and the acidity by titration of non-filtered sample with sodium hydroxide 0.1N (precision of 1 mg CaCO 3 /L) [57] .
Results and Discussion
The seven column experiments kinetic tests are compared to the test in wet reference cells [55] which contain only residues from Kettara. Percolation time measured during leaching shows that the mixtures of E2 and E3 have a high retention power (Figure 4 ). The flow of leachate takes place approximately one hour after the rinse. Variations in pH, conductivity, acidity and alkalinity are shown as a function of time in the column leaching experiment ( Figure 5 ).
The leachates from the mixtures containing high concentrations of CKD had higher pH values than those achieved with the FA. This is not surprising since CKD contained highly reactive soluble CaO ( Figure 6 and Table 1 ). (Figure 6a ). This is due to the high buffering effect of the carbonates included in CKD. Indeed, pH gradually increases while alkalinity decreases when the content of CKD is high. It is noticed that pH is very high in column 3. Without the amendment additive, pH values were very acidic (2.6 to 4, [55] ). The presence of CKD in high proportion mixed with the FA (E1 to E5) allows the neutrality of leachate acids and limits the dissolution of metals. These results are in perfect agreement with those found in the literature [52, 53] , which showed that the use of CKD in combination with other cementitious materials including fly ash, is more effective [52, 53] .
Column E7, filled with Kettara mine tailings mixed with FA only, produced leachates with an acidic pH<4.7 and high values of acidity (between 218.75 and 177.78 mg CaCO 3 /L) (Figure 6c) . These values of acidity are low compared to those obtained from unamendedKettara coarse tailings in humidity cell tests [55] . However, the addition of FA to CKD results increased the neutralization efficiency. The use only of CKD (E1) as amendment leads to an increase of pH which does not reach neutrality (pH<6.5) at the end of the test. The co-disposal of waste rock and tailings with 10% CKD ensures a neutral pH and reduced concentrations of toxic metals in the short-term solution. This quantity proves insufficient to completely fill the pores of tailings and waste rock [16] . However, Doye [16] noted that it seemed beneficial to add to CKD a small quantity of alkaline industrial wastes, like red bauxite mud (RMB) to the CKD. The RMB, containing a lot of hydroxides, would play the role of a substrate on which metal ions would be adsorbed or coprecipited with iron oxyhydroxides. Indeed, it was found that the mixture CKD + RMB offered a faster neutralization mixture compared to the CKD only.
Figure 6:
Water quality from the kinetic tests (pH, electrical conductivity, alkalinity and acidity).
The conductivity evolution was similar in the five columns (Figure 6d ). Conductivity measurements decreased during the first few cycles (when soluble salts are usually leached) to values between 1244 to 436 S/cm. However, the conductivity values are very high in the column 7 which contains mine tailings mixed only with FA. The conductivity values are mainly due to the dissolved Ca 2+ , which are present at high concentrations (<0.02 mg/L to 499.05 mg/L) throughout the testing period (Table 1) . Alkalinity (HCO 3   -+CO 3 2-+OH -) is used as an indicator of the neutralizing capacity of the amendment consisted of CKD and FA. As can be seen in Figure  6b , leachates from column E3 had high levels of dissolved alkalinity, ranging between 74.76 and 105.56 mg CaCO 3 /L. Acidity readings were usually less than 20.08 mg CaCO 3 /L, indicating thatneutralization processes were important (Figure 6c) . Furthermore, alkalinity was practically absent in the leachates of column E7. Table 1 show that Ca concentrations vary a little in the seven columns. The High Ca concentrations (107-666.9 mg/L) in the leachates throughout the experiment reflect the rapid neutralization by calcite, which is present in abundance in the CKD. The dissolution of calcite (CaCO 3 ), which is the main mineral in the CKD, causes increment of pH, alkalinity, and the concentrations of Ca. The calcium (and other alkalis) of CKD is dissolved and reacts with hydrogen ions in the AMD water, causing its neutralization [57] . The CKD addition produces more Calcium in solution than FA produces; this allows keeping the alkaline environment on the long term. The concentrations in Mg for the six tests (E1, E2, E3, E4, E5 and E6) are low (4.39 to 78.1 mg/L) compared to the seventh column (1894 to 72.35 mg/L). The Mg observed in the flushed waters may be associated to the chlorite or talc contained in the Kettara coarse tailings [55] . The literature indicates that alkalinity of leachates associated to calcitic limestone dissolution are approximately two greater factors than those of dolomitic limestone [58, 59] . In addition, the Fe concentrations are also low for all seven column leachates, in particular in columns 3, 4 and 5, suggesting that the adding of CKD considerably increases the pH and decreases Fe concentration by the precipitation of hydroxides which control iron solubility. The solubility of ferric components is minimal between pH 6 and 10 and ferric iron is under the form of neutral colloid Fe (OH) 3 , which constitutes a trap for heavy metals [16] . These columns showed a very low iron concentration (below detection limits); this demonstrates the high capacity of CKD added to limit iron from in solution. As shown in Table 1 , Cu, K and Na concentrations were low in the leachate from all seven columns despite the acidic pH of columns 6 and 7. The Cu appears in small quantities in the E7 test but it is below the detection limit (Table 1) . Thus, the addition of alkaline material reduced the concentrations of these metals compared to the tailings without amendment [55] . At the beginning of the kinetic test, it was observed that high Al concentrations in the leachate from the seven columns come most likely from the dissolution of chlorite, muscovite, albite, and talc from the Kettara coarse tailings. After 172 days, these concentrations have become lower than the limit of detection. When alkalinity increases, the Fe and Al precipitate out of the water solution at pH levels of 6 to 8, while other ions can precipitate at higher pH values [57] . In general, the tests 6 and 7 are not effective for the control of the AMD because their pH remains acid (pH<5.5) and their conductivity is very high (between 991 and 2797 μS/cm).
Hydraulic analysis in the laboratory
The permeability of the mixture amended (2/3) of tailings and (1/3) of industrial waste, 80% of CKD and 20% FA, is of the order of 4.4.10 -6 cm/s. This mixture leads to a decrease the tailings permeability and reduced the effect of acid drainage waters. This permeability was calculated using Darcy's law [50] .
Conclusions
The main objective of this study is to evaluate the capacity of alkaline industrial by-products to control AMD generated from coarse tailings of Kettara. The main focus was on the process of amendment based cement kiln dust (CKD) mixed with fly ash (FA). The physicochemical properties and hydraulic CKD and FA predispose them to be use as amendment in order to stabilize the tailings and to protect water resources, flora and fauna [30] . The column kinetic tests have been carried out in the laboratory to determine the quantity of alkaline material required to obtain long-term neutralization of reactive tailings. The tests E6 and E7 have not reduced the AMD effectively because their pH remained acid. Their conductivity is very high and the percolation time is very short. It is also clear that only of CKD (E1) or FA (E7) based amendment is less active for neutralization of leachate in comparison with their blend (E3).
The comparison of the seven columns show that the amendment with CKD in strong proportion (E1-E5) is more effective for the neutralization of acid leachate but the mixture of 80% CKD and 20% FA (E3) remains the most suitable. This test (E3) is characterized by a neutral pH, the lowest conductivity and permeability. The use of CKD, containing highly reactive soluble CaO, uniquely as amendment leads to pH increase that does not reach neutrality (pH<6.5) but the addition of a small quantity of FA is more effective for the neutralization of tailings in view of its chemical and mineralogical properties making the ash a good alkaline binding agent. The addition of FA causes an increase of the neutralization efficiency limiting the dissolution of metals and reduces water infiltration. The mixture of the CKD and FA reduces the diffusion of water and oxygen and triggers the formation of ettringite and gypsum which precipitate metals and consequently enabling the control of AMD.
